In the recent years, the possibility of utilizing extracellular vesicles for drug delivery purposes has been investigated in various models, suggesting that these vesicles may have such potential. In addition to the choice of donor cell type for vesicle production, a major obstacle still exists with respect of loading the extracellular vesicles efficiently with the drug of choice. One of the proposed solutions to this problem has been drug loading by electroporation, where small pores are created in the membrane of the extracellular vesicles, hereby allowing for free diffusion of the drug compound into the interior of the vesicle. We investigated the utility of adiposederived stem cells (ASCs) as an efficient exosome donor cell type with a particular focus on the treatment of glioblastoma multiforme (GBM). In addition, we evaluated electroporation-induced effects on the ASC exosomes with respect to their endogenous potential of stimulating GBM proliferation, and morphological changes to single and multiple ASC exosomes. We found that electroporation does not change the endogenous stimulatory capacity of ASC exosomes on GBM cell proliferation, but mediates adverse morphological changes including aggregation of the exosomes. In order to address this issue, we have successfully optimized the use of a trehalose-containing buffer system as a way of maintaining the structural integrity of the exosomes.
Introduction
Exosomes are a class of extracellular vesicles (EVs) that are secreted by most cell types of the body able to transport biologically active cargo between cells, including protein, lipids, mRNA and miRNA (Andaloussi et al. 2013) . They are 30-120 nm in diameter and have a complex surface structure composed of special lipids and transmembranous proteins (especially the tetraspanins, CD9, CD63, and CD81), which facilitate specific interaction and fusion with the recipient cells (Vlassov et al. 2012) .
Exosomes have received a lot of attention with respect to drug delivery since Alvarez-Erviti et al. (2011) showed that these nanoparticles could deliver small interfering RNA (siRNA) across the blood-brain barrier (BBB) to the brain parenchyma (Alvarez-Erviti et al. 2011) . Exosomes derived from immature dendritic cells were engineered to express a targeting ligand on the extracellular domain of the exosome-associated protein, Lamp2b. This was followed by electroporationinduced loading with siRNA against the housekeeping gene, GAPDH, and the Alzheimer's disease-associated gene, BACE1. Injection of these exosomes into mice resulted in a brain-specific knockdown of gene expression, illustrating the potential of modulating the endogenous exosomes to function as drug delivery vehicles (Alvarez-Erviti et al. 2011 ).
The potential of using exosomes to deliver therapeutics was also shown in GBM, where anti-miRs against the oncogenic miRNA, miR-9, could be loaded into exosomes derived from mesenchymal stem cells (MSC), and mediate miRNA knockdown in glioblastoma multiforme (GBM) cells in vitro. The knockdown of miR-9 was followed by an increase in sensitivity to temozolomide, the most widely used chemotherapeutic drug in the treatment of GBM (Munoz et al. 2013) . MSC exosomes could also transfer miR-143 to GBM cells in vitro, which resulted in decreased cell viability (Lee et al. 2013 ). In addition, MSC exosomes enriched in miR-146b could reduce GBM tumor size after intratumoral injection, hereby showing that exosomes may have a great potential as drug delivery vehicles in GBM, and that mesenchymal stem cells may be used as an efficient producer of these particles (Katakowski et al. 2013) .
We recently scrutinized all available literature pertaining to the field of exosome-based drug delivery (Johnsen et al. 2014) . Through this work, several factors were identified as being important to address when designing exosomes for drug delivery purposes. These factors included, for example, the correct choice of donor cell, because the exosomes derived for drug delivery should be devoid of any stimulating properties on the immunological system as well as on the disease, in which they are used (Tian et al. 2013 ). The donor cell should also be an efficient producer of exosomes to obtain clinical scale quantities of exosomes for human use (Chen et al. 2011; Yeo et al. 2013) . To secure specific action of the delivered drug, exosomes should be endowed with a targeting ligand to facilitate transport into a particular tissue or area of disease (Alvarez-Erviti et al. 2011; Ohno et al. 2012; Tian et al. 2013 ). This can be achieved by bioengineering exosome surface proteins to express a targeting peptide, but also by adsorbing proteins, such as whole antibodies and single-chain variable fragments, onto the exosome surface (Bryniarski et al. 2013) . Efficient loading of therapeutically active cargo into the exosomes is a crucial requirement for successful development of an exosome-based drug delivery system. Several methods have been proposed, including electroporation of the exosomes and transfection of the donor cell with the cargo of choice. Although new methods are being described, most of the currently used loading methods still have problems that need to be solved (Kooijmans et al. 2013; Fuhrmann et al. 2015) . For example, electroporation is known to adversely affect the structural integrity of the exosomes, whereas transfection of the donor cell is a time-consuming process with numerous steps that need quality assurance (Ohno et al. 2012; Hood et al. 2014) . In addition, the choice of cargo and administration routes is also important to consider in order to optimize the efficiency of the resulting treatment (Johnsen et al. 2014) .
In the present study, we investigated whether electroporation of adipose-derived stem cell (ASC) exosomes induced any aberrant effects on the normal interaction observed between ASC exosomes and GBM cancer cells. In addition, we tested whether an electroporation buffer based on the disaccharide trehalose could keep the structural integrity of exosomes released from ASCs and subjected to electroporation, hereby maintaining a favourable size distribution of the exosomes for drug delivery purposes.
Materials and methods

Cell culture
Human adipose-derived stem cells (ASCs; passages 5-8; Rasmussen et al. 2011; Yang et al. 2012) were thawed by standard procedures, seeded and cultured in T175 culture flasks in Dulbecco's Modified Eagle's Medium (DMEM) F12 (Lonza, Vallenbaek, Denmark) containing 10 % fetal calf serum (FCS; Gibco, Life Technologies, Carlsbad, CA, USA) and 1 % penicillin/streptomycin (pen/strep; Gibco, Life Technologies). The ASCs were incubated in a 37°C incubator with 5 % CO 2 and grown to 70-80 % confluence before being used for exosome production and isolation.
Isolation of exosomes
Production of conditioned medium (CM) was initiated by administrating DMEM F12 (Lonza) containing 10 % FCS (Gibco, Life Technologies) and 1 % pen/ strep (Gibco, Life Technologies) to a 70-80 % confluent ASC culture. Prior to the production of CM, the FCS was depleted of exosomes by ultracentrifugation at 100,000g for 18 h followed by filtration through a 0.22 lm filter. The CM was harvested after 24 h of incubation and exosomes were isolated by two different procedures. Implications of the choice of isolation protocol for obtaining exosomes and other extracellular vesicles (with respect to yield and purity) have recently been reviewed (Gudbergsson et al. 2015) .
The first isolation method utilized the Total Exosome Isolation Kit (Life Technologies), which contained a polyethylene glycol (PEG) precipitation reagent that enabled pelleting of nanoparticles with low-speed centrifugation. The harvested CM was spun at 2000 g for 30 min and filtered through a 0.22 lm filter to clear the medium from any debris, apoptotic bodies and larger nanoparticles. The filtered supernatant was mixed with the Total Exosome Isolation Reagent (2:1) and incubated under agitation at 4°C overnight. After incubation, exosomes were pelleted by centrifugation at 10,000g for 65 min and resuspended in either phosphate-buffered saline (PBS)(Life Technologies) or trehalose pulse medium (TPM). Trehalose pulse medium has recently been shown to maintain exosomes structural integrity of melanoma exosomes (Hood et al. 2014) . The yield of exosomes was determined by nanoparticle tracking analysis (NTA)(see below) and the Pierce BCA Protein Assay Kit (Life Technologies).
In the second isolation method, exosomes were isolated by sequential ultracentrifugation. Briefly, CM was cleared from live and dead cells by centrifugation at 300 and 2000g for 10 min. An additional centrifugation step at 10,000g for 30 min was performed to clear the CM from any cell debris. The supernatant was filtered through 0.22 lm filters, and then subsequently exposed to two steps of ultracentrifugation for 90 min at 100,000g with an intermediate washing step. The resulting pellets were resuspended in either PBS (Life Technologies) or TPM and analysed by NTA.
Nanoparticle tracking analysis
Size determination and concentration measurements of the ASC exosomes were performed on a NanoSight LM10-HS (NanoSight Ltd, Amesbury, United Kingdom) equipped with a 638 nm laser. The samples were diluted to a volume of 1 mL in clean PBS (Life Technologies) or TPM prior to analysis. The diluted sample was loaded into the sample chamber using a sterile syringe until the liquid reached the chamber outlet. To avoid particle drift during analysis, the outlet was sealed with Parafilm. The loaded sample chamber was mounted on the microscope, and the location for analysis was determined by identifying the region of intense diffraction of the laser beam, called ''thumbprint''. The relevant point of analysis was found by moving the visual field to the right from the ''thumbprint'', hereby avoiding disturbance of the data by interference from the ''thumbprint'' light scatter.
The obtained images were visually evaluated, and the gain and shutter time were adjusted to allow for smaller particles to be detected. Afterwards, the NTA 2.2 software was used to track all particles in the visual field throughout the captured video. All measurements were performed at a temperature in a range of 24-26°C, determined with a thermometer attached to the sample chamber. The background of all video data was automatically extracted prior to the particle tracking. Size distribution diagrams, mean/mode size values and standard deviations were calculated within the NTA 2.2 software and used for downstream analysis.
Atomic force microscopy
Atomic force microscopy (AFM) was performed to characterize the shape and size of the exosomes. Purified exosomes were diluted 1:50 in sterile PBS (Life Technologies) and adsorbed onto freshly cleaved mica sheets. The adsorbed samples were rinsed thoroughly in deionized water and dried at ambient temperature for 30 min before analysis. AFM was carried out on a NTEGRA Aura (NT MDT, Moscow, Russia) operating in tapping mode using Olympus OMSCL240TS cantilevers (nominal spring constant 1.8 N/m, nominal tip radius \10 nm). Images were acquired in areas of 2, 4 and 10 lm 2 , typically at a resolution of 1024 9 1024 pixels. All data were processed using the AFM software, Gwyddion (Czech Metrology Institute, Prague, Czech Republic).
Transmission electron microscopy and immunogold labelling
Exosomes isolated from ASCs were placed as a 10 lL drop of exosome suspension on a freshly glowdischarged 400-mesh copper grid, negative stained by adding three drops of 1 % phosphotungstic acid (PTA)(pH 7.0) and incubated 15 s per drop. The exosome preparations were analysed by transmission electron microscopy (TEM) using a JEM 1010 (JEOL Ltd., Tokyo, Japan) and images were obtained using an electron sensitive Olympus KeenView CCD camera (Kamiina-gun, Nagano, Japan). For immunogold labelling, a 10 lL drop of exosome suspension was placed on a freshly glow-discharged 400-mesh nickel grid and washed 3 x 5 min in two drops of PBS. All samples were blocked with one drop 0.5 % ovalbumin in PBS. The grids were transferred to one drop of a primary antibody cocktail against known exosome-associated surface markers (CD9, CD63 or CD81; 1:250; LifeSpan BioSciences, Inc., Seattle, WA, USA) and incubated for 45 min at 37°C. After incubation, the grids were washed in three drops of PBS and incubated with a goatanti-mouse secondary antibody conjugated to 15 nm colloidal gold particles in 1 % cold-fish gelatine for 45 min at 37°C. Washing with three drops of PBS followed the incubation with secondary antibody. To remove any unbound colloidal gold, the grids were washed in two drops of 1 % cold-fish gelatine (5 min per wash) followed by two drops of PBS and one drop of ultrapure water. Lastly, the grids were negative stained with one drop of 1 % PTA and analysed by TEM using a JEM 1010 (JEOL Ltd., Japan).
CFSE proliferation assay
The GBM cell line, U87 (ATCC (Manassas, VA, USA); Cat. No. , and the in-house generated GBM stem cell line, C16 (Pilgaard et al. (submitted) ), were seeded into T25 culture flasks at a density of 2000 cells/cm 2 in DMEM F12 (Lonza, Vallenbaek, Denmark) containing 10 % FCS and 1 % pen/strep, and allowed to set for 24 h. After this initial incubation, the growth medium was discarded, the cells washed twice in PBS, and stained with 10 lM carboxyfluorescein succinimidyl ester (CFSE; Cell Trace CFSE Cell Proliferation Kit, Life Technologies) in PBS for 15 min. The CFSE solution was discarded and pre-heated DMEM F12 (Lonza) containing 10 % exosome-free FCS and 1 % penicillin/streptomycin (pen/strep) was added to each T25 culture flask. This growth medium also included 15 lg/mL ASC exosomes, 15 lg/mL electroporated ASC exosomes (400 V, 125 lF) or no ASC exosomes to enable analysis of the proliferation-stimulating capacity of ASC exosomes. After an additional 30 min of incubation, which allowed for acetate hydrolysis of the CFSE, ''Day 0'' samples were detached with trypsin, washed twice in PBS, fixed in 3.7 % paraformaldehyde for 15 min, and stored at 4°C until flow cytometric analysis. Samples were also prepared after 2 and 4 days of growth. The fixed cells were pelleted and stained in a 1:5000 dilution of Hoeschst 33342 (Thermo Scientific, Waltham, MA, USA) for 15 min. A maximum of 25,000 events were acquired on a MoFlo Astrios Cell Sorter (Beckman Coulter Inc., Fullerton, CA, USA) depending on the sample cell density, and the resulting data was analysed using the FlowJo 10 software (Tree Star Inc., Ashland, OR, USA).
Electroporation of ASC exosomes
To evaluate electroporation as a method of cargo loading into exosomes, ASC exosomes isolated by Total Exosome Isolation reagent or ultracentrifugation were resuspended in the electroporation buffers, cytomix electroporation buffer (120 mM KCl, 0.15 mM CaCl 2 , 10 mM KPO 4 , 25 mM HEPES, 2 mM EGTA and 5 mM MgCl 2 , adjusted to pH 7.6 with KOH) or trehalose pulse medium (TPM; 50 mM trehalose (Sigma-Aldrich, Cat. No. T0167) in PBS). Electroporation was performed on a GenePulser II Electroporation System with capacitance extender (Bio-Rad, Hercules, CA, USA) using 0.4 cm cuvettes with aluminium electrodes. The volume of electroporated samples had a volume between 200 and 450 lL (containing a maximum of 100 lg total exosome protein) with settings of 400 V and 125 lF. The electroporated samples were subsequently analysed by NTA, AFM and TEM as described earlier.
RNA electroextraction assay RNA release was measured to investigate whether electroporation induces pore formation in ASC exosomes. The maximal absorbance of RNA is at a wavelength of 260 nm, which differs from proteins having maximal absorbance at 280 nm. However, since proteins also absorb light at lower levels at 260 nm, and therefore able to shield light from the intravesicular RNA, any released RNA would be detected as an increase in absorbance at 260 nm (Hood et al. 2014) . It follows that such an increase in RNA absorbance could only (in theory) be due to electroextraction (pore formation) of the ASC exosomes. Exosomes isolated by ultracentrifugation (100 lL) was diluted in TPM to a final volume of 450 lL. The absorbance of each sample was measured on a GENESYS 10 Spectrophotometer (Thermo Scientific) in quartz cuvettes (enabling absorbance measurements at 260 nm). Afterwards, each sample was transferred into a 0.4 cm electroporation cuvette with aluminium electrodes and electroporated at 400 V and 125 lF for 3 ms. The electroporated samples were then transferred back to the quartz cuvette for re-measurement of absorbance at 260 nm. The measured absorbance for each sample was noted, and the RNA release compared to an RNA standard curve. The data were analysed using a paired T test in Prism 5.
Results
Adipose-derived stem cells are efficient producers of extracellular vesicles (EV)
EVs (term used until identification of exosome characteristics) were isolated from ASCs either with the Total Exosome Isolation Kit or sequential ultracentrifugation. With NTA, the EVs secreted from these cells were examined with regards to the size distribution and particle yield. ASCs produced EVs within a size range normally defined as exosomes (30-120 nm), although EVs within a size range regarded as shedding microvesicles (approx. [ 150 nm) could also be detected. It should be noted that the distinction between different types of EVs cannot solely be based on their size distribution, as some level of diameter overlap will be expected (Gudbergsson et al. 2015) . The total yield of EVs from the CM was found to be high, averaging around 6 9 10 10 particles/T175 culture flask (Fig. 1a) . Transmission electron microscopy showed the presence of particles with a spherical shape with diameters ranging between 40 and 200 nm. Examination with immunogold labelling showed that the particles stained positive for a cocktail of antibodies against the exosome surface markers, CD9, CD63 or CD81 (Fig. 1b) .
Electroporation of adipose-derived stem cell exosomes induces aggregation
To investigate whether electroporation induced any aberrant effects, ASC exosomes were resuspended in cytomix buffer (an optimized cell transfection buffer), because it contains several constituents that should aid in avoiding changes to the exosomes or therapeutic cargo. The ASC exosomes were isolated with Total Exosome Isolation reagent followed by electroporation in the cytomix buffer. The electroporation mediated a shift in the size distribution of the exosomes, suggestive of a significant formation of aggregates following electroporation compared to non-electroporated exosomes (Kolmogorov-Smirnov test, p \ 0.0001; Fig. 2a) . The results from NTA were underscored by TEM imaging, which confirmed the presence of large aggregates, but also showed that the aggregates appeared to be membranous structures, as would be expected for exosome aggregates (Fig. 2b, c) . AFM imaging also showed the presence of large aggregates in the electroporated samples (Fig. 2d,  e) . While the non-electroporated exosomes presented with diameters between 75 and 100 nm (Fig. 2d) , the diameters of the electroporated exosomes were in a range of 100-500 nm (Fig. 2e) . In addition, the high level of background observed in the non-electroporated exosome samples (possibly due to co-isolated protein aggregates) had disappeared after electroporation (Fig. 2d, e) .
The proliferation-stimulating properties of adipose-derived stem cell exosomes remain unaltered after electroporation ASC exosomes (with and without electroporation) were applied to two GBM cell lines, U87 and C16.
Both cell lines showed a reduction of median signal intensity over time, consistent with the known division of total CFSE signal during proliferation (Fig. 3) . After 2 days of culture, no proliferation-inducing effects could be detected after administration of any of the ASC exosomes to any of the cell lines (Fig. 3a,  b) . The same pattern could be observed after 4 days of culture (Fig. 3c, d) . In fact, a tendency towards ASC exosomes having a small inhibitory effect on the cancer cell proliferation after 4 days was seen, but this was not statistically significant. Furthermore, no significant difference in the effect on GBM cell proliferation could be detected between ASC exosomes and electroporated ASC exosomes.
Addition of trehalose pulse medium does not change the size of adipose-derived stem cell exosomes To reduce the formation of aggregates during the electroporation process, we tested whether a trehalosebased electroporation buffer could keep the structural integrity of ASC exosomes after electroporation. Before electroporating ASC exosomes in the trehalose-based buffer, NTA was performed to observe whether the addition of trehalose to the samples induced any sizemodifying effect in itself. This analysis did not detect any significant differences in the mean size of the particles or in the fraction of particles within the size Fig. 1 Figure 1) .
Trehalose pulse medium decreases the formation of exosome aggregates after electroporation ASC exosomes (isolated with Total Exosome Isolation reagent) were resuspended in the TPM and electroporated. The resulting samples were analysed by NTA, which showed that electroporation in this medium gave rise to a large population of particles within the size range of exosomes (30-120 nm)-a population that had been lost with electroporation in cytomix buffer (Fig. 4a) . Quantification of the fraction of particles within the exosome size range showed a statistically significant increase from 10 to 30 % with the change in electroporation buffer (Mann-Whitney Fig. 4b ). However, even though a large fraction of smaller particles had been retained, the samples still presented small peaks at higher diameters, implying a continued presence of exosome aggregates in the samples. This observation was confirmed with TEM, which could identify these larger aggregated structures together with some smaller particles, thus reflecting the NTA results (Fig. 4c) . Immunogold labelling showed that some of these aggregates were positive for the exosome surface markers CD9, CD63 or CD81, suggesting that these aggregates were originally ASC exosomes (Fig. 4d) .
Electroporation of ultracentrifuged exosomes in trehalose pulse medium does not modulate the size distribution Since sequential ultracentrifugation is known to yield exosome samples with higher purity than commercial isolation kits (Witwer et al. 2013; Gudbergsson et al. 2015) , we wanted to assess whether such high purity could avoid the continued aggregation after electroporation. The ultracentrifuged ASC exosomes were resuspended in TPM, electroporated, and analysed by NTA. The results showed that when comparing these samples to the ones isolated with Total Exosome Isolation reagent, the ultracentrifuged and electroporated exosomes presented with a size distribution that did not include any larger aggregates (Fig. 5a ). The fraction of particles within the exosome size range did not change significantly. TEM analysis of the samples showed that exosome aggregates could not be detected to the same extent, whereas smaller particles (exosomes) were abundant (Fig. 5c, d ). These smaller particles were also positive for the exosome surface markers CD9, CD63 or CD81 (Fig. 5e, f) . In addition, a comparison between the ultracentrifuged ASC exosomes electroporated in TPM and non- Fig. 3 Flow cytometry analysis of GBM cell proliferation stimulated by electroporated and nonelectroporated ASC exosomes. Cells were stained with CFSE and incubated for 2 or 4 days. Only singlets were gated and analysed in the C16 and U87 samples. a, c Quantification of the median fluorescent signal intensity over time showed that neither ASC exosomes nor electroporated ASC exosomes stimulated proliferation in C16 cells on day 2 or 4. b, d ASC exosomes or electroporated ASC exosomes did not have any proliferation-inducing effect on U87 cell growth. No statistically significant difference could be observed between the effects of normal and electroporated ASC exosomes electroporated ultracentrifuged ASC exosomes was made. This comparison showed that electroporation did not induce any major changes to the size distribution of the exosomes isolated with ultracentrifugation (Fig. 5b) .
RNA electroextraction as a measure of pore formation in the exosome membrane during electroporation With optimized parameters for the electroporation to keep the structural integrity of the ASC exosomes, we wanted to assess whether these parameters also theoretically allowed for loading of therapeutic cargo into the exosome lumen. This was achieved by measuring the release of RNA (assessed by absorbance at 260 nm) after electroporation, hereby illustrating the formation of pores in the exosome membrane as recently suggested (Hood et al. 2014) .
ASC exosomes were resuspended in TPM and the absorbance at 260 nm was measured before electroporation to allow for pairwise comparison. The samples were electroporated, and the absorbance of the samples was re-measured. The results from this experiment showed RNA release from the ASC exosomes with an almost absolute increase in absorbance observed for each sample (Fig. 6) . The difference in absorbance before and after electroporation was found to be statistically significant (paired T test, p \ 0.0001), suggesting that electroporation induced pore formation in the ASC exosomes. However, in subsequent control experiments, a much larger increase in absorbance at 260 nm could be observed when pure TPM was electroporated without the presence of exosomes, suggesting spectral interference of trehalose that overshadows the signal of RNA released from the exosome interior (Fig. 6) . Electroporation of cytomix buffer did not produce the same increase in absorbance (data not shown). It therefore seems that when analysing c TEM analysis of the ASC exosomes electroporated in TPM confirmed the sustained presence of larger aggregates in the resulting samples, although to a smaller extent compared to electroporation in cytomix buffer. d The aggregates stained positive with an antibody cocktail for the exosome surface markers, CD9, CD63 or CD81, suggesting them to be of exosomal origin. EE: Electroporated exosomes. Scale bars depict 200 nm Fig. 5 Electroporation in trehalose pulse medium (TPM) retains the size distribution of ASC exosomes isolated by sequential ultracentrifugation. a The electroporated ASC exosomes isolated by ultracentrifugation (blue line) presented with a size distribution devoid of large aggregates compared to those isolated with Total Exosome Isolation Kit (black line). b Comparing the electroporated ASC exosomes isolated with sequential ultracentrifugation (blue line) and non-electroporated control exosomes (black line) revealed similar size distribution in TPM. c, d TEM showed that non-electroporated ASC exosomes with a round morphology and reactivity against CD9, CD63 or CD81 (antibody cocktail). e, g Electroporated ASC exosomes also presented with a round morphology and diameters around 100 nm. f, h The electroporated ASC exosomes were also positive with an antibody cocktail for the exosome surface markers, CD9, CD63, and CD81 (both panels). All ASC exosomes were isolated by sequential ultracentrifugation. Scale bars depict 200 nm. EE: Electroporated exosomes. UC: Exosomes isolated by sequential ultracentrifugation electroporation in trehalose-containing buffer conditions, this method is inadequate.
Discussion
Exosomes from ASCs are poorly characterized compared to exosomes from other types MSCs. ASCs are known to produce exosomes with a size distribution comparable to the one presented in the present study, and the exosomes are able to exhibit beneficial effects in Alzheimer's disease and angiogenesis (Katsuda et al. 2013; Lopatina et al. 2014 ). Furthermore, they promote migration of breast cancer cells, and are known to communicate with GBM cells (Lee et al. 2013; Lin et al. 2013 ). Even though the combined effect of the results presented above may suggest a protumorigenic profile, ASC exosomes were recently shown to mediate successful delivery of therapeutic miRNA to glioma cells (Lee et al. 2013) . In the present study, ASC exosomes were shown to be devoid of any proliferation-stimulating properties after 4 days on two different GBM cell lines, including a cancer stem cell line, underscoring their relevance with respect to safety in delivering therapeutics to GBM tumors. However, for ASC (or any other cell type's) exosomes to be used in any sort of therapy, one would also need to include a thorough assessment of how the cell culture conditions affect the production and characteristics of the secreted exosomes (Gudbergsson et al. 2015) . For example, several types of cell stress, such as hypoxia, cell activation and high glucose, are known to interfere with the released quantity of exosomes, but also with their composition of proteins and RNA, whereas the effects of other components of cell culture, like the surface structure of the culture dish, remain completely unknown (de Jong et al. 2012; King et al. 2012) . Electroporation of the ASC exosomes did not mediate any adverse effects with respect to modulation of the proliferative capacity of GBM cells, but based on our data it cannot be ruled out that the electroporation could modulate other parameters related to the ASC exosome interplay with GBM cells.
Exosome-based drug delivery is a rapidly expanding field of research, which is reflected in the frequent release of new publications regarding this subject (Johnsen et al. 2014) . One of the main issues being addressed in these papers is the way of loading the exosomes with therapeutic cargo and reaching superior therapeutic effects compared to synthetic liposomes (Smyth et al. 2015; Fuhrmann et al. 2015) . As described in Johnsen et al. (2014) , the method of electroporation has been questioned due to the fact that exosomes as well as siRNA cargo tend to aggregate in the process (Kooijmans et al. 2013; Johnsen et al. 2014 ). In the study by Kooijmans et al. (2013) , siRNA was found to accumulate in the exosomes with an efficiency similar to that previously reported (AlvarezErviti et al. 2011; Kooijmans et al. 2013) . However, by thorough analysis of the loaded siRNA, large aggregates were observed, suggesting that the loading efficiency quantified only by total siRNA fluorescence was erroneous, because the loaded siRNA would be devoid of any functionality (Kooijmans et al. 2013) . One could therefore speculate that electroporation is inapplicable for the loading of therapeutic cargo, and that a method like transfection of the exosome donor cell would be more appropriate. However, for exosomes to be clinically relevant as drug delivery vehicles, and become a part of the concept of personalized medicine, there must be a high Fig. 6 RNA electroextraction on ASC exosomes as a measure of pore formation. RNA was measured as the absorbance at 260 nm. After electroporation, an increase in absorbance could be detected, suggesting the release of a stable amount of RNA from the ASC exosomes. Trehalose pulse medium without exosomes was also electroporated, yielding an even higher increase in absorbance at 260 nm. Quantification of the mean absorbance before and after electroporation showed a statistically significant increase in absorbance after electroporation (paired T test, ***p \ 0.0001) throughput element to allow for proper loading efficiency within a relevant time frame.
Electroporation has been used to load various types of exogenous cargo into exosomes. Even though one study suggested that electroporation is an inappropriate method for loading of interfering RNA molecules (as described above), such loading has been achieved in several studies, showing efficient knockdown of GAPDH, BACE1, MAPK, RAD51, and RAD52 (Alvarez-Erviti et al. 2011; Wahlgren et al. 2012; Shtam et al. 2013; Kooijmans et al. 2013 ). Mimics of miR-155 was also loaded into exosomes by electroporation (Momen-Heravi et al. 2014) . Moreover, small molecule drugs like the chemotherapeutic compound, doxorubicin, were loaded into exosomes by electroporation, resulting in a decrease of doxorubicin-mediated side effects while still providing therapeutic efficacy in a breast cancer model (Tian et al. 2013) . In the present study, optimization of the electroporation process was performed to ensure the structural integrity of the exosomes. Based on initial data showing that exosomes aggregated in the cytomix electroporation buffer, a new buffer system based on the disaccharide trehalose was introduced. The addition of trehalose to the electroporation buffer allowed the exosomes to keep their pre-electroporation diameter, which was reflected in the size distribution of the exosomes being unchanged after electroporation.
Trehalose is a disaccharide consisting of two glucopyranose subunits adjoined by an a-(1 ? 1) linkage. It is found in organisms like insects, yeast and fungi; organisms that tend to accumulate trehalose under stressful conditions like anhydrobiosis, heat shock or osmotic stress to a greater degree than any other known sugars. Several studies have shown that trehalose could stabilize membranes and proteins under unfavourable conditions (Pereira et al. 2004 ). Based on these characteristics, trehalose has been examined for its favourable effects on human cells and biostructures undergoing stress, e.g. during freezing, lyophilisation and electroporation (Mussauer et al. 2001; Crowe 2007) . For example, trehalose was found to increase the recovery rate of lyophilized liposomes in the size range of 50-100 nm, whereas smaller (25 nm) or larger (200-400 nm) liposomes could not be recovered to the same extent. Interestingly, the best recovered size range of liposomes reflects the size range of exosomes, and therefore, trehalose may be an appropriate additive for the storage buffer of exosomes, since the results of the present study showed that the exosome size range was unaffected by this additive (Crowe and Crowe 1988; Chen et al. 2010) . Moreover, the recovery and viability of cells subjected to electroporation for transfection was significantly higher when performed in a trehalosecontaining buffer (Mussauer et al. 2001) .
The mechanism by which trehalose interacts with a phospholipid bilayer membrane is still debated. Evidence shows that trehalose is able to replace water at the membrane to some extent and associate with the head groups of the phospholipids. This is proposed to keep the spacing between the individual lipids during dehydration, possibly explaining the favourable effects of trehalose in lyophilisation. Several studies have shown that trehalose is able to form hydrogen bonds with the phosphate groups of membranes, hereby mediating the replacement of water molecules-a process that is distinct from monosaccharides in stressful conditions (Pereira et al. 2004; Villarreal et al. 2004; Pereira and Hünenberger 2006; Kapla et al. 2015) . Other studies support another hypothesis, where trehalose acts in a vitrification process resulting in mechanical protection of the membrane (Koster et al. 1994; Kapla et al. 2013 Kapla et al. , 2015 . Either way, trehalose is able to stabilize lipid membranes under stress, e.g. during electroporation, and to prevent fusion of lipid bilayers, which are favourable characteristics for cargo loading process as shown by this study and others (Pereira et al. 2004; Hood et al. 2014) . Whether the results presented in this study and by others can be extrapolated onto other disaccharides needs further investigations (Hood et al. 2014) .
Electroporation is most often used for transfecting cells with DNA vectors. For these vectors to be introduced into the cell cytoplasm, the membrane must allow for the creation of small openings. These small openings (pores) are around 1 nm in diameter, and are only present within the short time frame (millisecond range) of electroporation. The formation of pores is a result of the current in the solution, and of secondary effects such as heating, affecting the membrane integrity (Weaver 1993) . Transport of genetic material in the opposite direction (out of cells) was shown as a way of extracting plasmids from cyanobacteria (Moser et al. 1995) . In the present study, this approach was used to determine whether genetic material could be released from the exosomes during electroporation as a measure of pore formation. Intriguingly, the increase in absorbance measured after electroporation was almost absolute, suggesting that a specifically defined amount of RNA can be present inside an exosome. However, since our control experiments showed that a larger increase in absorbance could be observed by electroporating pure TPM without the presence of exosomes, it is up for debate whether this assay is useful for determining RNA release from exosomes in trehalosecontaining buffers. We hypothesize that it may be necessary to include an additional isolation step after the electroporation, from which RNA quantification can be performed.
Conclusion
The field of exosome-based drug delivery is still rapidly expanding, and the increasing amounts of evidence suggest that the future will see a clinical perspective of this concept. In the current state, however, the available knowledge and the associated methodology are insufficient to reach maximum potential in a clinical setting. In this study, some of the problems in the methodology associated with exosome-based drug delivery were addressed with a particular focus on an application in GBM. Electroporation was found to induce aggregation of ASC exosomes, although this did not have any effects on the stimulating properties of ASC exosomes on GBM cell proliferation. The structural integrity of ASC exosomes could be maintained after electroporation in an optimized buffer system containing the disaccharide, trehalose. In addition, without electroporation, trehalose did not interfere with the particle size, suggesting that this sugar may be a relevant additive for the storage of exosomes. Lastly, the presence of trehalose did not seem to hinder the formation of pores in the membrane during electroporation when measuring the absorbance at 260 nm. However, whether the changes in absorbance stem solely from RNA release from the exosomes could not be unambiguously proven in our experiments, since we observed spectral interference from the TPM. Further studies are thus still needed to validate the dynamics of nucleic acid movement over the exosome membrane during electroporation.
